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Air pollution and acid precipitation have long had an
influence on plant and animal life. In this study, the
level of sulfur in the stem tissue of Ficus echinata Mill.
was measured in trees from various sites along the western
edge of the Cumberland Plateau to determine the presence and
pattern of sulfur deposition in this species. Overall, a
40.28% increase in sulfur levels was observed from four
sites along the plateau with levels increasing from 0.072
mgS/gdwt in the 1962-66 growth increment to 0.101 mg in the
1982-86 increment. According to a computer generated
analysis of variance, the differerces observed are a
function of increasing levels through time and are less
related to geographic differences. Significant differences
were measured in the sulfur content of saplings and mature
trees from the Rock Creek collection site; no changes were
detected in the levels of carbon, hydrogen and nitrogen from
Rock Creek between 1957-1962. A preliminary study of sulfur
uptake in seedlings resulted in no conclusive results.
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While the effects of pollutants on plant health has been
intensely studied, long term effects including pollutant
influences on wood product quality are less well documented.
The pattern of increased deposition seen in the current
study indicates that more work is needed to understand all
of the impacts and implications of sulfur deposition in
important forest species such as finus echinata.
INTRODUCTION
Over the past two decades, observations and questions
about the impacts of anthropogenic atmospheric deposition on
forest ecosystems have elicited numerous investigations and
debates with often conflicting results and resolutions.
Leblanc et al. (1987) reported no correlation between
historic acidic deposition patterns and tree growth based on
a recent dendrochronological study. Still, studies cited in
a publication by the Office.of Technological Assessment
(1985) indicate unexplained reductions in the growth of
several forest species in the eastern United States since
the early 1970's. Species such as the spruces and firs of
the northeast have experienced these reductions as well as
various pine species of the southeastern region.
The awareness that a problem exists with regard to
acidic atmospheric deposition is not new. Atmospheric
pollutants from anthropogenic sources have been recognized
as detrimental to ,lrc;,itecture and textiles since the time
of the Roman Empire as is evident in Cicero's references to
the "smokey rains" of Rome in about 100 B.C. (Eney and
Petzold, 1987). During the twelfth century A.D., Henry II
of England banned the use of coal fires in the city of
London (Eney and Petzold, 1987). Evelyn and Graunt surveyed
the effects of atmospheric pollution on human and plant
2
health during the sixteenth century and advocated the use of
tall smoke stacks to better disperse industrial pollutant
emissions as well as the placement of industrial sites in
areas removed from population centers (Cowlings, 1982).
From the seventeenth century until the early twentieth
century, atmospheric deposition was largely considered to be
beneficial as a fertilizer for agricultural crops (Cowlings,
1982). In the mid-nineteenth century, Smith analyzed the
precipitation around Manchester, England, and coined the
popular term, "acid rain" (Tabatabai, 1985). A study by
Rusnov in 1919 on soil acidification in Austria marked the
beginning of a modern awareness of possible detrimental
effects in that his study revealed that the soils in his
test plots were becoming more acidic due to acidic
deposition regardless of the soils' inherent buffering
capacity (Cowlings, 1982). By the late 1950's, global
investigations into the effects of pollution had begun,
resulting in part in the implication of atmospheric
pollutants as a primary contributor to forest decline in
Sweden and other northern European areas (Sequeira, 1982).
Effects of pollutants on crop plants were studied
extensively during the 1970's and such efforts continue
today (Cowlings, 1982; Barnwart et al., 1987; Jones et al.,
1987; Porter et al., 1987).
Unexplained foliar diseases were detected in the Black
Forest of Germany and some Scandinavian regions in the
1970's (Matzner et al., 1986; McLaughlin, 1985; Zoettl and
Huettl, 1986). McLaughlin (1985) reviewed the disease of
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the European silver fir in West Germany. This disease
affected older, presumably more resistant trees first before
similar effects were detected in younger trees. Symptoms
included chlorosis, premature senescence, reduced amount ai .7!
distribution of radial growth patterns and increased
mortality. Though first observed in silver fir, the disease
was later seen in other soft woods such as birch and larch
as well as in hard woods such as maple, alder, ash and oak.
According to Zoettl and Huettl (1986), a "high altitude
Norway spruce disease" was observed in the Black Forest at
elevations of 800 to 1200m a.s.l. Symptoms of the disease
included needle tip yellowing of older needles first with
subsequent involvement of younger needles. In both cases,
chlorosis and necrosis ensued.
Analysis of Norway spruce increment cores from Germany
and Norway, silver fir from Switzerland and red spruce from
the northern United States revealed that a decline in the
rate of radial growth began around the 1965 growth period
(McLaughlin, 1985). Symptoms of foliar disease in the red
spruce of Vermont differ from European patterns in that the
foliar discoloration effect began with the crown foliage and
moved downward. A 1979 study of virgin stands of red spruce
in the Green Mountains of Vermont showed a 50% decrease in
basal stem density since the mid-1960's (McLaughlin, 1985).
Associated species showed similar growth declines with no
loss of vigorous appearance.
4
A recent study of 3,001 red spruce trees in upstate New
York revealed a 13 to 40% decrease in the growth of wood
formed around 1980 as opposed to wood from a peak growth
year around 1960 (Hornbeck et al., 1986). This decline ...as
noticed in trees of all age groups and size classes as well
as in trees from all elevations. Analysis of balsam fir
showed similar results.
McLaughlin (1985) cited forest decline studies from the
U.S. Forest Service which indicated a 25% decrease in the
growth of pines in the Southern Appalachians during the
early 1980's. Dramatic growth reductions were also
documented in the growth rate of shortleaf pine in the lower
elevations of east Tennessee.
Effects of atmospheric pollution on forests are
classified as either chronic or acute (Kozlowski, 1980).
Acute effects generally involve the immediate foliar effects
of sharp pollutant influxes while chronic effects involve
long term exposure to atmospheric deposition. Most of the
work to date has dealt with the effects of specific and
combined pollutants on leaf tissue, as this material has
been considered a readily available indicator of overall
effects.
The present study is an examination of the accumulation
of sulfur in the wood of Finus echinata Mill., the shortleaf
pine. According to Gleason and Cronquist (1963), this
species exhibits a range of distribution from southern New
York to West Virginia, west to southern Illinois and
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southeast Kansas and south to Teas and northern Florida.
finus echJnata is common along northeast facing slopes of
the Cumberland Plateau in light sandy soils. When readily
available, samples of the associated species, Quercus 
velutina Lam. and Acer Lutrum L., were taken for limited
sulfur analysis as well. Other associated species include
Pinus virginiana Mill., Pinus rigida Mill., Pinus strobus 
L., Quercus alba L., Ulmus americana L., Fagus grandifolia 
Ehrh., Cornus florida L., Liquidambar styraciflua L. and
Juniperus virginiana L.
Pinus echinata is an important species to the southern
timber industry. Along with other members of the southern
yellow pine group, this species is important to the paper
manufacturing industry as well as the construction industry.
The effects of increasing sulfur levels in wood on the
quality of wood products such as paper are not known,
although increased rate of deterioration has been measured
in paper exposed to high ambient levels of sulfur compounds
(Shahani and Wilson, 1986). Studies such as the present one
may be helpful in determining the necessity for further




This study has been divided into five phases according
to sample type and method of analysis. During the course of
these investigations, 477 sulfur determinations were made,
which included samples from phases 1, 2, 3 and 5. In the
first phase, samples were taken at seven sites along the
western edge of the Cumberland Plateau from Lewis County,
Kentucky in the north to Pulaski County, Kentucky in the
south. The samples, which were collected in November 1986
and January 1987, were taken using a 1/4 inch increment
borer and stored in polyethylene soda straws until they were
prepared for analysis. The sites, sample types and type of
analysis used in each of the investigations in this research
are summarized in Table 1.
Cores were divided into five-year increments for
analysis in the LECO SC-132 Sulfur Determinator in the Coal
Chemistry Laboratory at Western Kentucky University. The
sulfur analyzer was calibrated using a 0.4% sulfur coal
standard, NBS Standard Reference Material number 2682,
Sulfur in Coal, from the U.S. Department of Commerce,
National Bureau of Standards.
Analysis of Phase 1 aata yielded highly variable
results with no easily discernible patterns. These data
suggested a number of possible sources of error, including
1
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Table 1. Sample sites, sample types, and type of analysis
used in various phases of investigations on sulfur










































instrument failure, high sample moisture and sample masses
that contained sulfur below the threshold of sensitivity of
the instrument.
Following an unsuccessful attempt to collect additional
core samples in June 1987 due to the physiologically active
growth state of the trees, a different sampling technique
was devised involving the removal of full diameter sections
(or "slab" samples) from trees from recently logged areas at
four sites along the Plateau. Information regarding the
logging sites and permits to collect samples from these
areas as well as permission to collect samples from some
standing timber were obtained from the U.S. Forest Service
District Ranger Stations in the Morehead, London and Red
Bird Ranger Districts of the Daniel Boone National Forest.
Ten individual trees were sampled at each of the four
selected sites.
The northernmost site was located south of Morehead in
Rowan County and was designated by the Forest Service as
Yocum Falls. McKee, a site southeast of Berea and more
centrally located along the Plateau by latitudinal
approximation, was also sampled. Limited red oak and red
maple samples were also taken at this collection site. The
southernmost site was located near London in Laurel County
at the Rock Creek clear cut area. During Phase 1
collections, full stem sections of saplings were taken that
were later used in a comparison of saplings and mature
trees. Phase 2 collections were made at a site near the
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..lear cut area where logging had been recently initiated. A
centrally located in the Plateau was selected for wood
sample collection as well. This site was located south of
Manchester near Gooseneck 3nd Plank in Clay County and was
designated the Red Bird Collection site.
Sections of the ten slab samples from each site were
removed using a band saw. These sections were prepared to
facilitate the separation of the samples into the prescribed
five year increments for analysis. The sections were placed
in paper sacks and labeled as to site and tree number.
Samples for analysis were randomly selected by taking five
sample lots from the population of ten trees from each site.
Duplicates of each individual sample were prepared to
minimize individual sample variation effects. When
possible, duplicates were not taken from adjacent slab
sample sections in order to estimate more accurately an
overall level of sulfur deposition.
Bark and any growth from the 1987 season were removed
in order to compare wood from complete growth periods as
well as to reduce the possibility of influencing sulfur
readings with extraneous or adherent sulfur contamiDation
that might be found on bark. Samples were dried in an oven
at 70°C for 24 hours. As in Phase 1, analysis involved the
LECO SC-132 Sulfur Determinator, calibrated with the NBS
0.4% reference standard.
Instrumental evaluations of samples in percentage form
were converted to mgS/g dry weight wood (mgS/gdwt).
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Statistical analysis of data collected from Phase 2
investigations utilized the StudPnt's t test for
significance. Other analyses included computer generated
analyses of variance involving the SAS statistical program
with assistance provided by the Academic Computing and
Research Services at Western Kentucky University.
Phase 3 involved the comparison of sulfur levels in the
wood of saplings and mature trees from the Rock Creek area.
In this part of the investigation, duplicate samples were
analyzed from six saplings which were old enough to reflect
at least five years' growth (1982-86). Duplicate samples of
wood from the same growth period were prepared from five
mature trees. Student's t tests were employed in the
statistical analysis of these observations.
Phase 4 involved the analysis of Rock Creek samples for
changes in carbon, hydrogen and nitrogen levels from the
1962-66 growth period as compared to the 1982-86 growth
period. The LECO 600 Carbon-Hydrogen-Nitrogen Determinator
was used to conduct this analysis. The Phase 4
investigation required the samples to be ground to a fine
powder in order for the samples to be placed into the
sampling capsules. A 4.0% nitrogen coal sample was used to
calibrate the instrument. Statistical analysis consisted of
a comparison of means involving the Student's t test for
significance.
Phase 5 was considered a preliminary investigation
regarding the elemental uptake of sulfur in seedlings of
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Pinus echinata. In this portion of the project, seedlings
grown in Gilbertsville, Kentucky, were secured through the
State Nursery Program. In November 1986, 36 trees were
planted in 22 cm diameter plastic pots using a standard
Jiffy-Mix potting medium to which additional sand was added
to increase the porosity and coarseness of the soil. Twelve
trees were planted in similar manner and placed outside the
greenhouse to serve as an external control.
Among the plants inside the greenhouse, four separate
plots of eight trees each were set aside for different
sulfur treatments. Prescribed aliquots of sulfur
corresponding to 1986 national sulfur load estiffiates and
projected 1996 national and state load estimates of 0.8, 0.2
and 0.4 g, respectively, were weighed out and mixed with
25.0 g of soil. These sample preparations were sifted over
the soil of each sample pot. The eight trees of the
internal control received a blank treatment of only 25.0 g
of soil. The sulfur application regimens and the
corresponding environmental load equivalents are summarized
in Table 2. Greenhouse trees wer,. watered twice weekly
while external controls were watered as deemed necessary
through the hottest part of the summer.
Trees were harvested and air dried in October 1987,
about the time of the first frost, which roughly corresponds
to the end of the growing season. Of the original shipment
of seedlings received in 1986, ten samples were air dried,
ground and oven dried for analysis as baseline data. The
12
Table 2. Summary of treatments for control and experimental
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LECO SC-132 Sulfur Determinator was used for this analysis.
These specimens were separated into leates, stems and roots
to determine the site of greatest sulfur accumulation in
seedlings. At the end of the experiment, three samples of
each test group were ground and oven dried. Differences in
sulfur levels were tested for statistical significance using
the Student's t test.
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RESULTS
Two phases of this investigation dealt specifically
with the patterns of sulfur deposition in the wood of
shortleaf pine. Phase 1 included the analysis of core
samples from sEven sites along the plateau, but this exten-
sive analysis was discontinued in favor of more intensive
investigations of fewer sites still representing a full
latitudinal range of the Plateau within the state
boundaries. Analysis of wood samples from 20 individual
shortleaf pine specimens and the more limited observations
of three individuals each of red oak and red maple all
showed increases in the levels of sulfur in wood tissue from
earlier periods through the most recent samples tested.
Data from Phase 1 analysis of increment core samples
from five of seven sites are summarized in Table 3. Upon
examination of the data and following consultation with
instrumentation lab personnel regarding the interpretation
of the results, a reevaluation of experimental procedures
and sampling techniques was conducted.
After new sampling procedures were initiated, including
the drying of samples prior to analysis, more consistent
results were obtained. Data obtained from Phase 2 analysis
of the Rock Creek sampling site are given in Table 4.
Comparison of data from the 1962-66 growth increment as
15
Table 3. Results of Phase 1 sulfur analysis using increment
cores from selected Pinus echinata specimens taken






67-71 72-76 77-81 82-86
Bath Co. 0.069 0.046 0.055 0.033 0.049 0.048
n= 8 8 8 8 8 8
Menifee Co. - 0.045 0.040 0.449 0.060 0.081
n= - 4 6 8 8 8
Powell Co. 0.635 0.420 0.051 0.060 0.048 0.055
n= 8 8 8 8 8 4
Estill Co. 0.051 0.088 0.027 0.051 0.047 0.066
n= 4 8 4 8 8 4
Laurel Co. 0.054 0.033 0.046 0.059 0.062 0.081








































































































































































































































































































































































































































































































































compared to the 1982-86 growth increment revealed a percent
increase of 82.46 from 0.057 mgS/gdwt in 1962-66 to 0.104 mg
in 1982-86. This pattern is illustrated in Figure 1.
Data presented in Table 5 similarly present the results
of analysis from Yocum Falls. Comparison of sulfur levels
between 1962-66 and 1982-86 revealed a 50% increase, from
0.050 mgS/gdwt to 0.075 mg. Figure 2 is an illustration of
the results of analysis from the Yocum Falls site.
Table 6 is a summary of the data from the analysis of
samples collected at the Red Bird site. In this analysis, a
percent increase of 44.94 from 0.089 mgS/gdwt in the 1967-71
increment to 0.129 mg in the 1982-86 increment was observed.
Figure 3 is an illustration of the data obtained from the
analysis of Red Bird material.
Data from the McKee collection site are summarized in
Table 7. Examination of the early and recent samples from
this site shows a minor decline of 5.88% in sulfur levels
from 1962-66 of 0.102 mgS/gdwt to 0.096 mg in 1982-86.
Figure 4 is a graph of the data from McKee.
Table 8 is a summary of all of the Phase 2 data and
thus summarizes the overall pattern seen on the Cumberland
Plateau. According to comparison of early and recent data,
a percent increase of 40.28 is seen between the 1962-66 mean
value of 0.072 mgS/gdwt and 0.101 mg seen in the 1982-86
growth increment. Figure 5 is a graphic summary of all of
the data collected from the four sites used in Phase 2
analysis.
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Figure 1. Pattern of sulfur deposition (mgS/gdwt) in Pinus
echinata wood samples formed between 1962 and
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Figure 2. Pattern of sulfur deposition (mgS/gdwt) in Finus
echinata wood samples formed between 1962 and
































































































































































































































































































































































































































































































Figure 3. Pattern of sulfur deposition (mgS/gdwt) in Finus
echinata wood samples formed between 1962 and






































































































































































































































































































































































































































































































































































Figure 4. Pattern of sulfur deposition (mg.Vgdwt) in Pinus
e hinata wood samples formed between 1962 and
1986 from the McKee (MC) collection site.
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Figure 5. Patterns of sulfur deposition (mgS/gdwt) in Pinus
echinata wood samples from the four Phase 2
sulfur analysis sites and a calculated mean for
the Cumberland Plateau for the five increments
from 1962 to 1986. (RC=Rock Creek, denoted by
open, dotted square; YF=Yocum Falls, denoted by
closed diamond; R=-Red Bird, denoted by open
square; MC=McKee, denoted by closed diamond;
CP=Cumberland Plateau, denoted by closed square.)
I I ' I w • t
62-66 67-71 72-76 77-81 82-86
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By using the SAS statistical program (SAS Institute,
1986), an analysis of variance was conducted on the data
collected from the materials analyzed in the second phase of
the project. Five increments representing the years between
1962 and 1986 were utilized in this procedure since the
1962-66 increment was the earliest, most complete data set
available. Least squares means were computed in order to
standardize the input values for the computer analysis. The
General Linear Models Procedure, Univariate Tests of
Hypotheses for Within Subjects Effects, produced an analysis
of variance that yielded an F value of 8.36 for variance
detected through time (i.e., between increments). This
value was highly significant, with the probability of a
greater F value of only 0.0002, 99.98% confidence interval.
Table 9 is a summary of the ANOVA as calculated by the SAS
program.
A summary of a series of Student's t tests designed to
analyze more closely these variations through time is
presented in Table 10. According to these analyses, the
collective mean obtained for the plateau in the 1982-86
growth increment of 0.101 mgS/gdwt was not significantly
different from the 1977-81 mean. However, the mean sulfur
content of the 1982-86 increment was significantly different
from the mean values of increments taken from wood formed
prior to 1977.
Although the ANOVA suggested that the greatest
variations were related to changes in the levels of sulfur
28
Table 9. Results of the analysis of variance az prepared
using
Source
the SAS statistical program.
DF Type III SS Mean Square F PR>F
years 3 0.00699771 0.00233^57 8.36 0.0002
years x loc 9 0.00212209 0.00023579 0.85 0.5799
error(years) 39 0.01087767 0.00027891
29





1962-66 1967-71 1972-76 1077-81 1982-86
1962-66 t=0.143 t=0.273 t=1.091 t=2.636
(0.072 mg) df=61 df=64 df=68 df=67
n.s. n.s. n.s.
1967-71 t=1.43 t=0.091 t=1.00 t=2.700
(0.074) df=61 df=69 df=72 df=72
n.s. n.s. n.s.
1972-76 t=0.273 t=0.091 t=0.900 t=2.600
(0.076) df=64 df=69 df=75 df=75
n.s. n.s. n.s.
1977-81 t=1.091 t=1.00 t=0.900 t=1.7
(0.083) df=68 df=72 df=75 df=78
n.s. n.s. n.s. n.s.
1982-86 t=2.636 t=2.700 t=2.6 t=1.7
(0.101) df=67 df=72 df=75 df=78
n.s.
1
Differences with significance at the 0.05 probability level
between incremental grand means for the plateau.
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through time, location variance analysis provided an F value
of only 0.85 with a probability of a greater F of 0.5799.
Closer analysis of incremental means between locations
revealed some significant differences by using Student's t
tests. Only four comparisons yielded significant dif-
ferences (00.05): the Rock Creek versus Red Bird comparison
for 1962-66; the Yocum Falls versus Red Bird for 1967-71;
and the Rock Creek versus Yocum Falls and Yocum Falls versus
Red Bird comparisons for the 1982-86 increment. Table 11 is
a summary of the results of these comparisons.
Limited samples of red oak, Quercus velutina, and red
maple, Acer rubrum, were analyzed and a summary of these
data appears in Table 12 and Figure 6. These few sample
runs of specimens obtained from the McKee collection site
revealed a 147% increase in the level of sulfur in red oak
from the 1972-76 level of 0.070 mgS/gdwt compared to the
1982-86 level of 0.173 mg. This increase was -;ignificantly
different according to the results of a Student's t test
Z(t-2.395 vs. t
05 
=2.265 at df=9). Red oak comparisons were
. 
made for only the three increments mentioned in order to
compare its pattern of sulfur deposition with that of the
red maple for which data dating back to 1972 were available.
In examining the red maple data, a percent increase of only
12.73 was detected between the 1972-76 level of 0.055
mgS/gdwt and the 1982-86 level of 0.062 mg. Statistical
analysis using the Student's t test yielded a t value of
0.538 which was not significant (t.05=2.306 at df=8).
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Table 11. Summary of a series of student's t test
comparisons
1 
of the four different sites
2 
for
each of the five increments analyzed from
1962-86.
Comparison 1962-66 1967-71 1972-76 1977-81 1982-86
RC vs. YF _ _ _ _ *
RC vs. RB * _ _ _ _
RC vs. MC _ _ _ _
YF vs. RB _ * _ _ *
YF vs. MC _ _ _ _ _
RB vs. MC _ _ _ _ _
1
Differences measured at the 0.05 probability level.
2
RC=Rock Creek; YF=Yocum Falls; RB=Red Bird; MC:McKee.
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Species 1962-66 1967-71 1972-76 1977-81 1982-86
Q, velutina 0.116 0.131 0.145 0.100 0.280
0.062 0.080 0.047 0.100 0.201
0.071 0.076 0.081 0.244 0.231
0.432 0.046 0.055 0.199 0.096
0.039 0.045 0.048 0.081
0.052 0.046 0.045 0.046 0.055
Mean 0.064 0.071 0.070 0.128 0.173






Mean 0.055 0.062 0.062
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Figure 6. Patterns of sulfur deposition (mgS/gdwt) in McKee
Ouercus velutina (MR0) and A er .-ubrum (MM)
samples formed between 1962 and 1986. (MR0










Phase 3 analysis concluded with a Student's t test to
compare the levels of sulfur as measured in the 1982-86
growth increment of samplings and mature trees from the Pock
Creek collection site. A summary of the data appears in
Table 13. According to these data, a significant difference
(00.05) exists between the levels of sulfur in the wood of
saplings and the wood of mature trees taken from the same
growth increment. Figure 7 is an illustration of this
pattern.
Data from Phase 4 analysis of carbon-hydrogen-nitrogen
ratios in increments from the 1957-61 and 1982-86 growth
seasons in specimens from Rock Creek are summarized in
Table 14 and Figure 8. Upon examination, it was determined
that nitrogen levels displayed the greatest differences, but
statistical analysis failed to indicate any significant
differences between nitrogen levels from these increments.
Phase 5 of the study involved the analysis of
greenhouse specimens which received different doses of
elemental sulfur corresponding to current and projected
sulfur loads. These data are presented in Table 15 and
Figure 9. Statistical analysis of this material yielded no
significant differences between any of the groups. In every
group analyzed, however, leaves were found to be highest in
sulfur content, followed by roots and stems.
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Table 13. Results of sulfur analysis (mgS/gdwt) on 12
samples of Pinus echinata sapling samples and 10
Pinu3 echinata mature tree samples from the Rock







0.179 0.190 0.089 0.074
0.152 0.131 0.162 0.149
0.130 0.106 0.139 0.116
0.155 0.120 0.146 0.163







Figure 7. A comparison of the sulfur content (mgS/gdwt) of
Rock Creek Finus echinata saplings and mature
trees for the 1982-86 growth increment. (Mature
trees denoted by darkened bar; saplings
represented by shaded bar.)
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Table 14. Results of carbon (C), hydrogen (H) and nitrogen
(N) analysis (%) on Finus echinata samples from
the Rock Creek area for the 1957-61 and 1982-86
growth increments.
1957-61 1982-86
C(%) H(%) N(%) C(%) H(%) N(%)
49.36 6.37 0.056 49.61 6.36 1.93
49.12 6.37 1.31 49.08 6.41 0.85
50.12 6.40 0.81 49.89 6.40 0.84
50.25 6.32 0.61 50.08 6.45 2.22
46.46 5.98 0.43 54.20 7.07 0.46
49.09 6.35 0.58 50.52 6.51 0.54
Mean 49.07 6.30 0.72 50.56 6.53 1.14
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Figure 8. Analysis of Pinus echinata wood samples from the
Rock Creek collection site for changes in the




Table 15. Results of sulfur analysis (mgS/gdwt) of
greenhouse specimenb of Pinus echinata seedlings.






Mean 1.699 0.706 1.300
External Control
1
 1.325 0.484 0.741
1.279 0.577 0.700
  2.808  0.708   0.944
Mean 1.804 0.590 0.795
E(.2) 2.517 0.824 1.312
2.315 0.890 1.721
1.487  0.736 1.022
Mean 2.106 0.817 1.352
E(.h) 1.973 0.878 1.518
1.577 0.652 1.426
1.609 1.054 1.342
Mean 1.720 0.861 1.429
E(.8) 1.595 0.798 0.957
1.669 0.958 1.289
  1.969 0.595 1.527 
Mean 1.744 0.784 1.258
1
Control and External Control received 0 g sulfur/pot; E(.2)
received 0.2 g sulfur/pot; E(.4) received 0.4 g sulfur/pot;
E(.8) received 0.8 g sulfur/pot.
Figure 9. Sulfur analysis (mgS/gdwt) of greenhouse
specimens. The control group (darkened bar) and
external control group (dark diagonally shaded
bar) received 0 g elemental sulfur; E(.2) (shaded
bar) received 0.2 g sulfur/pot; E(.4)(light
diagonally shaded bar) received 0.4 g sulfur/pot;








The primary focus of this study was to determine
whether or not a historical pattern exists in the deposition
of sulfur in the stem tissue of Finus echinata. A series of
analyses on field collected specimens devised to measure
these levels at various latitudinal sites along the
Cumberland Plateau suggested that such a pattern does exist
with sulfur levels increasing through the most recent
samples.
Although highly erratic patterns were seen in three of
the five Phase I populations analyzed, definite increases in
sulfur levels were detected in the Laurel and Menifee County
sites. Such variations in results, however, suggested the
necessity of new sampling techniques to measure more
accurately the sulfur content of collected specimens.
Full diameter, or "slab" samples, were taken from four
sites along the plateau. Since analysis involving the LECO
SC-132 Sulfur Determinator is based on an infrared spectral
analysis of sulfur that converts counts to a weight percent
read-out, it was determined that oven drying of samples
would be necessary to reduce the incidence of inaccurate
readings due to the extraneous water content of the samples.
The data shown in Table 3 and Figure 1 from the Rock
Creek collection site in Laurel County were the first of the
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Phase 2 analyses conducted. Material analyzed from this
site displayed an increasing trend similar to the one seen
in Phase 1 analysis of Rock Creek core samples. The
increase seen in both phases of the investigation,
particularly the dramatic increase in the Phase 2 levels
from 0.057 mgS/gdwt in the 1962-66 increment to 0.104 mg in
the 1982-86 increment, gave greater confidence in the
sampling and analytical procedures.
Of the other sites sampled in Phase 2 analysis, the
Yocum Falls material, summarized in Table 5 and Figure 2,
showed a pattern most similar to the one seen in Rock Creek
material, but at a lower level (e.g., the 1982-86 level in
Rock Creek was 0.104 mgS/gdwt while the mean value for Yocum
Falls was only 0.075 mg, representing a difference of
38.67%.). The Red Bird site (Table 6 and Figure 3), which
showed an increase of 44.94% from 0.089 mgS/gdwt in 1962-66
to 0.129 mg in
of Rock Creek,
1982-86, reflects a pattern similar to that
but at a higher level (i.e., there was a
24.04% difference in the 1982-86 levels between the two
sites).
The McKee site poses a more incongruous problem in that
a 5.88% decline in sulfur content was seen :rom 1962-66 to
1982-86 with levels declining from the earlier level of
0.102 mgS/gdwt to 0.096 mg, an obvious deviation
pattern seen in the other sites. Such a pattern




the McKee collection site. Further examination of
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historical industrial activity in the region will be
necessary in order to relate this pattern to ambient
conditions.
It is interesting to consider that other forest species
behave differently under obviously similar conditions. For
example, samples of red oak and red maple (Table 12 and
Figure 6) from the McKee site show increases of 147% and
12.73%, respectively, over the past 15 years. These
variations suggest that different patterns exist among
angiosperms and these patterns may be very different from
the patterns seen in gymnosperms.
Weather patterns may have some influence on the sulfur
content of plants, particularly with respect to wind
direction and precipitation patterns. According to the
Kentucky State Climatologist, prevailing wind patterns
denote a dominance of southerly flow (Conner, personal
communication, 1967). However, it is suggested that during
some seasonal periods of peak fossil fuel consumption (e.g.,
winter), winds from a north-westerly direction may influence
the sulfur load around McKee. During such times, the McKee
area and, subsequently, the Red Bird area would receive
influxes of pollutants from Lexington and Louisville, which
lie in a direction north-west of these sites. Further
examination of more detailed weather records may bear out
this hypothetical proposition.
Precipitation patterns were examined for any
correlation with sulfur content measured in the wood. This
1414
investigation yielded no easily discernible pattern, as
precipitation patterns were noticeably erratic while sulfur
levels continued to show an increase through time (Tables
16, 17).
The computer generated ANOVA (Table 9) revealed that
the variations seen in the sulfur content of the samples
were due primarily to increases through time and not due to
geographic variations. The ANOVA conclusion on temporal
increases was further reinforced by the series of Student's
t tests that determined only four significant differences of
the 30 comparisons made for the four sites over the five
increment span (Table 11).
Statistically significant differences were found
between levels of sulfur in saplings and mature trees from
the Rock Creek site in the 1982-86 incr,-ment. One possible
explanation for this discrepancy involves differences in the
physiological states of the two groups in that the younger
trees may have been expriencing a more active growth period
than the mature trees. In this case, the younger trees may
have been taking up a comparatively greater amount of sulfur
and thus would have shown greater levels of sulfur in the
stem tissue. Another explanation involves a possible
dilution effect that may be seen in larger trees. If this
is the case, larger trees might spread the sulfur load over
a larger area, thus effectively reducing localized sulfur
loads.
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Table 16. Summary of total precipitation levels for the
period 1962-1980 as mean values from weather
stations nearest the four Phase 2 sulfur analysis
sites.






Table 17. Trends in SO2 emissions for the total
 United
States and the eastern 31 states in millions of


















No chan1;es in the levels of carbon, hydrogen and
nitroFen were detected from early to recent increments.
Such static results were as expected in that sulfur, if
incorporated into the cellulose matrix at all, should not
affect these levels. Sulfur has been known to substitute
for oxygen in coal (Riley, personal communication, 1988).
If sulfur is indeed incorporated into the cellulose of the
xylem tissue, then oxygen would be the most likely subject
of substitution. However, no biochemical pathway is known
that would allow this process to occur. More work is
necessary to determine the exact location of sulfur
deposition in xylem tissue.
Finally, the greenhouse study, referred to as Phase
yielded no conclusive results, probably due to a number of
reasons. First, elemental sulfur was applied to the soil of
the test specimens. Sulfur in the elemental form is less
available to plants than other forms such as SO2 
or SO
3
which would result from the ionization of a weak sulfuric
acid solution. Next, only one sulfur application was made.
This did not allow for leaching that might be experienced
due to periodic watering. To correct these problems,
periodic application of a weak sulfuric acid solution that
would simulate acid precipitation and/or the exposure of
specimens to gaseous SOx would be necessary to emulate more
accurately environmental conditions.
One final aspect of this study would be to correlate
sulfur levels in wood to atmospheric load estimates for
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periods corresponding to the observed increments. Data
obtained from publication by the Office of Technological
Assessment (1985) regarding atmospheric deposition of
sulfurous pollutants are summarized in Table 17. From these
data, a decline in sulfur levels over the past ten years is
evident, but a corresponding decline is not evident in the
pattern of sulfur deposition in wood. Indeed, wood sulfur
content has in some instances sharply increased over the
past 10 years.
The effects of atmospheric deposition on vegetation
have been catalogued by numerous investigators (Kozlowski,
1980; McLaughlin, 1985; Kupchella and Hyland, 1936; Krause
and Dochinger, 1988). Recent investigations by Anderson et
al. (1988) indicate that among white pines of eastern
Kentucky, 77% show foliar symptoms of air pollution damage.
According to a report commissioned by the Kentucky Energy
Cabinet (Bruck et al., 1967), this State is experiencing no
ill effects from acid precipitation or atmospheric
deposition. From an examination of these and other reports,
along with the observations in the present study, it is
obvious that more work is necessary to understand better the
effects of such pollutants on the forest ecosystems of this
region.
In conclusion, the mean level of sulfur in the wood of
shortleaf pine on the Cumberland Plateau has experienced an
increase over the past 25 years. The long range effects of
past and current pollutant stress including reduced growth
149
an the possibility of increased mortality may have
important implications for the patterns of succession and
composition in southern forests. Further studies are needed
to illucidate these patterns and effects.
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